Oenococcus oeni is an acidophilic member of the Leuconostoc branch of lactic acid bacteria indigenous to wine and similar environments. O. oeni is commonly responsible for the malolactic fermentation in wine and due to its positive contribution is frequently used as a starter culture to promote malolactic fermentation. In collaboration with the Lactic Acid Bacteria Genome Consortium the genome sequence of O. oeni PSU-1 has been determined. The complete genome is 1,780,517 nt with a GC content of 38%. 1701 ORFs could be predicted from the sequence of which 75% were functionally classified. Consistent with its classification as an obligately heterofermentative lactic acid bacterium the PSU-1 genome encodes all the enzymes for the phosphoketolase pathway. Moreover, genes related to flavor modification in wine, such as malolactic fermentation capacity and citrate utilization were readily identified. The completion of the O. oeni genome marks a significant new phase for wine-related research on lactic acid bacteria in which the physiology, genetic diversity and performance of O. oeni starter cultures can be more rigorously examined.
Introduction
The production of wine involves an amalgam of microbial transformations comprising a complex succession of various yeast and bacterial species. The initial conversion of grape must is an alcoholic fermentation carried out by one or more strains of Saccharomyces (typically Saccharomyces cerevisiae), either purposely inoculated or naturally present in the grape/winery environment. This primary fermentation produces ethanol and creates the anaerobic conditions that limit growth of other yeast and bacterial species and thus protects the wine from spoilage [1] . The malolactic fermentation (MLF) is a secondary fermentation that typically occurs at the end of alcoholic fermentation and is carried out by one or more populations of lactic acid bacteria (LAB). This secondary fermentation can be beneficial or detrimental, depending on the wine style. MLF deacidifies wine by conversion of malate (L-malic acid) to lactate (L-lactic acid) and is favored in high-acid wines produced in cool-climate regions. Conversely, this process is less desired in warm-climate regions where already low-acid wines are further de-acidified by MLF. MLF stabilizes wines in a straightforward fashion, by consuming available nutrients and lowering the potential for additional growth of other indigenous microbes. Finally MLF contributes to the organoleptic quality of wines through direct production of flavor compounds [2] or through indirect impact on other microorganisms present in the wine [3] [4] [5] . From a winemakerÕs perspective there is a need to control the MLF, allowing for precise application, or prevention, to enhance the positive attributes or reduce potential negative impacts on the particular wine. Perhaps the greatest measure of control has been achieved through inoculation of starter cultures in order to perform the MLF.
A number of lactic acid bacterial species have been isolated from the wine environment [6, 7] . Most belong to the genera Pediococcus, Lactobacillus, Leuconostoc and Oenococcus and most possess the capacity to carry out the malolactic fermentation. Wine is a particularly harsh environment for growth as it possesses a low pH (ranging from 2.5 to 4.0), and following the primary fermentation, a high alcohol content. Wine is also relatively nutrient-limited, and contains inhibitory compounds such as polyphenolics. To make microbial growth more challenging, winemakers typically add sulfur dioxide to grape must to control indigenous yeast and bacterial populations. Thus while many LAB are able to perform the MLF, few can thrive sufficiently to complete the fermentation in a desired fashion. Oenococcus oeni is the agent most commonly associated with the MLF in the production of wine and for that reason has attracted considerable attention. O. oeni is considered a desirable bacterium because it can grow in the hostile environment of wine and, among the winerelated LAB, it is least associated with off flavors or other undesirable metabolites.
Oenococcus oeni
In 1967, Garvie [8] first proposed a separate species, Leuconostoc oenos, for wine-related leuconostoc strains. L. oenos was differentiated from other Leuconostoc species primarily on the basis of tolerance to acidic conditions and a peculiar growth enhancement in media containing tomato juice. Since that time numerous taxonomic surveys of L. oenos strains have been undertaken, first examining growth characteristics and later using various molecular methods [9, 10] . More recently, Dicks et al. [11] proposed a reclassification of Leuconostoc oenos into a new genus Oenococcus, of which O. oeni is the only species.
Genomic analysis of Oenococcus oeni strain PSU-1
In order to advance the study of O. oeni, we generated the complete genome sequence of the strain PSU-1. It was isolated in 1972 by Beelman et al. [12] from a spontaneous malolactic fermentation in an experimental wine made in Pennsylvania (USA). Initial characteristics of the strain demonstrated strong similarity to another well-known oenococcal strain, ML-34, previously isolated in California [13] . Ze-Ze and coworkers [14, 15] carried out an extensive PFGE analysis of PSU-1. Indeed, we chose PSU-1 for genome sequencing on the basis of this available genetic map.
Genomic sequencing was undertaken as part of a larger effort to generate publicly accessible genome sequence for a number of fermentation-associated bacteria. This effort was coordinated by a working unit termed the ''Lactic Acid Bacteria Genome Consortium'' (LABGC), the mission of which is to advance functional genomic studies on the food grade LAB [16, 17] . In 2002, the LABGC partnered with the Joint Genome Institute (JGI), a high throughput sequencing facility run by the United States Department of Energy to generate draft sequence of the eleven bacterial genomes, five of which (Lactobacillus casei, Lactobacillus brevis, Leuconostoc mesenteroides, Pediococcus pentosaceus and Oenococcus oeni) can be readily isolated from wines or musts. A high quality draft of O. oeni PSU-1 sequences was generated by shotgun sequencing of a small-insert library (2-3 kb) to achieve $8X genome coverage based on the estimated genome size and assembled using the JGI assembler Jazz. Gap filling was carried out in collaboration with a private company, Fidelity Systems, Inc. (Gaithersburg, MD), using a direct whole genome sequencing approach as previous described [18] . Annotation was performed at NCBI using the GeneMark program followed by manual curation.
General genome description
At the time of this writing, manual curation of the O. oeni PSU-1 genome, and comparison to other LAB genomes, are ongoing. As such, what is presented is a preliminary report on the PSU-1 genome sequence with a focus on specific wine-related fermentation properties. The genome of O. oeni PSU-1 is a single circular chromosome of 1,780,517 nt ( Fig. 1) , which is remarkably similar to the reported genome size of 1,753,879 nt indicated for another O. oeni strain, IOEB8413, sequenced Fig. 1 . Genome atlas view of Oenococcus oeni PSU-1 with the predicted origin of replication at the top. The circle was created with GENEWIZ [88] with additional software developed by Eric Alterman. Innermost circle shows COG classification. Predicted ORFs were classified into five major categories: (1) information storage and processing; (2) cellular processes and signaling; (3) metabolism; (4) poorly characterized; and (5) ORFS with uncharacterized COGs or no COG assignment. Circle 2 shows ORF orientation. ORFs in the sense orientation (ORF+) are listed in blue while ORFs in the antisense orientation (ORFÀ) are in red. Circle 3 shows tRNA (green dots) and rRNA genes (blue dots) respectively. Circle 4 shows transposase genes or gene fragments (red dots). Circle 5 shows G + C content deviation. Deviations from the average GC-content are shown in either green (low GC spike) or orange (high GC spike). A box filter was applied to visualize contiguous regions of low or high deviations. Circle 6 shows BLAST similarities. ORFs were compared against the nonredundant (nr) database by using a gapped BLAST [89] . Regions in blue represent unique proteins in PSU-1 while highly conserved features are shown in red. The degree of color intensity indicates the level of similarity.
by Guzzo and coworkers [16] (note at the time of this writing neither PSU-1 nor IOEB8413 genome sequence is publicly accessible). The G + C content for the PSU-1 genome is 38%. In silico analysis confirmed the previous identification of two rRNA operons [15] in opposite orientation at positions $600 and $1270 kb. Fourtythree tRNA genes representing 20 amino acids were identified scattered around the genome on either strand with one specific cluster of 15 tRNA genes at $1136 kb (Fig. 1) . Redundant tRNAs were identified for all amino acids except for aspartate, cysteine, histidine, isoleucine, phenylalanine, tryptophan, tyrosine and valine. The replication origin, identified by GC-skew and ORF directionality ( Fig. 1) , was found adjacent to the canonical dnaA gene and a less defined terminus region could be localized to around position $1000 kb. Initial analysis predicted 1701 intact ORFs of which 75% were classified into COG (clusters of orthologous groups of proteins) categories on the basis of biological or biochemical function (Fig. 2) . In addition to the repeated rRNA operon, 14 different transposase (insertion sequence) genes representing 5 different COGs (COG2826, COG3293 and COG3464, COG2963, COG2801) are present, as well as additional transposase gene fragments (Fig. 1 ).
Metabolism related to growth in wine -selected topics

Carbohydrate metabolism
O. oeni is heterofermentative and utilizes hexoses and pentoses via the phosphoketolase pathway. Glucose and fructose, which account for 99% of the sugars in grapes [19] are fermented by all strains of O. oeni [8, 9] . PSU-1 has been reported to utilize glucose, fructose, ribose, trehalose, and cellobiose [12] and various transport systems related to these carbon sources do appear in the PSU-1 genome (PTS of TC#4.A.6, 4.A.1, 4.A.3; several copies of sugar ABS transporters TC#3.A.1.1, 3.A.1.2; several copies of sugar proton-symporter TC#2.A.1.1, glucose/ ribose porter TC#2.A.7.5, etc.). As expected the genes encoding the complete phosphoketolase pathway are represented. Like other heterofermentative LAB, O. oeni PSU-1 possesses the ability to convert fructose to mannitol most likely through the action of a mannitol dehydrogenase [12] . This activity can be problematic in wine fermentations in that excess production of mannitol can lead to a ''mannitol taint'' and also results in high acetic acid levels [20] . Surprisingly, PSU-1 does not contain a COG related to this activity (COG0246; mannitol-1-phosphate/altronate dehydrogenases), same COG is present in Leuconostoc plantarum [21] a species often isolated from wine. Clearly this activity is linked to a different dehydrogenase in PSU-1.
Beelman et al. [12] noted that, when originally isolated, PSU-1 could utilize sucrose, lactose, maltose and raffinose as sole carbon sources. When the same strain was analyzed two years later these abilities were lacking suggesting that either the strain had lost this genetic capacity or the original tests gave a false positive [12] . Examination of the PSU-1 genome reveals some capacity related to these substrates including: a maltosephosphorylase (COG1554; containing a possible frameshift), three ABC-type maltose permeases (COG3833) and what appears to be a fragment of a sucrose-specific PTS system IIBC component (COG1264). Genes specifically linked to sucrose, lactose, maltose or raffinose transport were not revealed however several carbohydrate transporters with uncertain substrates are present. This includes three carbohydrate uptake transporter-1 (CUT) family (TC#3.A.1.1) operons (plus one partial operon) and one CUT-2 family (TC#3.A.1.2) operon. Since PSU-1, in its current form, does not contain any plasmids, it is also possible some of these capabilities were plasmid-borne in the original isolate and lost with subsequent passage.
Organic acids -malate
O. oeni has the capacity to decarboxylate malic acid to lactic acid and carbon dioxide [22, 23] . Malic acid represents a large fraction of the organic acids found in wine, and the conversion of the dicarboxylic malic acid to the monocarboxylic lactic acid produces a corresponding increase in the pH, and consequent change in the organoleptic qualities of the wine. This change has been described as a softening of the mouthfeel [24] .
The genetic locus involved in malolactic conversion (mle) has been previously identified in O. oeni as well as other LAB [25, 26] . The PSU-1 mle locus contains T ra n s la ti o n T ra n s c ri p ti o n D N A re p li c a ti o n C e ll d iv is io n D e fe n s e m e c h a n is m s S ig n a l tr a n s d u c ti o n C e ll e n v e lo p e C e ll m o ti li ty /s e c re ti o n
In tr a c e ll u la r tr a ff ic k in g /s e c re ti o n /t ra n s p o rt P o s t tr a n s la ti o n a l m o d if ic a ti o n P h a g e -r e la te d 
Percent of ORFs
In s e rt io n s e q u e n c e -r e la te d genes encoding the malate decarboxylase (mleA) and malate permease (mleP) in an apparent operon. Transcribed in the opposite direction upstream of mleAP is a putative lysR-type regulator mleR. This rather simple genetic layout appears conserved across various wine-related LAB (Lactobacillus plantarum [21] , Pediococcus pentosaceus, Lactobacillus brevis, Lactobacillus casei, Leuconostoc mesenteroides; http://www.jgi.doe.gov/). The involvement of the O. oeni mleR regulator in expression of mleAP is somewhat unclear [27] , however a similar, yet genetically separated, mleR gene has been found essential for expression of a the mle operon in L. lactis [28] .
While the oenococcal mle operon has been linked to malate conversion it remains to be determined if these three genes are solely responsible for the malate conversion. While no other copies of the mleA gene exist on the PSU-1 genome, a gene from the same COG family (mae; COG0281) is present in the citrate cluster. Similarly, five different genes homologous to malate permease can be found on PSU-1, all belonging to the same COG (COG0679; predicted permease). Indeed, O. oeni PSU-1 possesses more genes in this COG family than any other LAB for which genome sequence is available. While this may be a reflection of an adaptation of O. oeni to the high malate environment inherent in fruit juices, it remains to be determined if any these genes possess a permease activity related to malate.
Organic acids -citrate
Numerous researchers have examined citrate utilization by O. oeni [7, 29] . Like other LAB, O. oeni does not use citrate as a sole carbon source but co-metabolizes citrate with glucose resulting in higher achievable biomass than growth on glucose alone [30] . Upon transport into the cell, citrate is converted via the actions of citrate lyase and oxaloacetate decarboxylase to pyruvate, which is then converted to a mixture of lactate, acetate, diacetyl, acetoin, and 2,3-butanediol using a pathway similar to that found in other citrate fermenting dairy lactic acid bacteria [24] . Diacetyl is one of the most important aroma compounds generated during MLF [29] , production of which increases the buttery aroma of wine, which may or may not be desirable depending on the style of wine being produced. The co-fermentation of citrate with glucose also increases the production of acetate in the wine, potentially impacting sensory attributes [31] . The levels of diacetyl, acetate, and other compounds produced during the MLF vary depending on the substrates present in the specific wines and the strain(s) of O. oeni present [32, 33] .
Genomic analysis of PSU-1 revealed a typical citrate lyase gene cluster (citR, mae, maeP, citC, citD, citE, citF, citX, citG) (Fig. 3) as well as genes involved in the butanediol pathway pathway (ilvB, alsD, butA [2 copies]) [34] . Interestingly, the main citrate utilization cluster contains a gene related to malate decarboxylase (mae; COG0281) similar to that witnessed in Lb. plantarum (mae), Weissella paramesenteroides (citM) and L. mesenteroides (mae). As suggested by others [35] , this gene likely encodes an oxaloacetate decarboxylase activity required to convert citrate to pyruvate. Noteworthy is the placement of the putative citrate transporter gene (maeP) inside the cluster as opposed to flanking the operon as observed in other clusters. Elsewhere on the PSU-1 genome are additional genes that, by virtue of their COG classification, may be related to citrate metabolism; citT (a di/tri carboxylic acid transporter; COG0471) and citB (putative response regulator; COG2197). However these genes contain frameshift mutations and the integrity of the expressed products remain to be determined.
Nitrogen metabolism
Grape juice contains various free amino acids, peptides and proteins, concentrations of which are altered during the alcoholic fermentation. While the free amino acid level decreases in the early stages of the alcoholic fermentation their level increases as the fermentation ceases [36] [37] [38] due to excretion of amino acids by yeasts as well as degradation of grape and yeast proteins [39, 40] . The practice of leaving the wine in the yeast lees (sur lee) is known to encourage the malolactic fermentation (i.e. oenococcal growth) due, in part, to the increase in available nitrogen compounds. Thus the composition of available nitrogen precursors in wine varies depending on the stage of the fermentation, variety of grape, and wine processing decisions, in addition to competition by other microbes.
O. oeni strains appear to vary with regard to amino acid requirements, often presenting different patterns of auxotrophy. Garvie [41] examined nine strains and found that all were auxotrophic for arginine, cysteine, glutamate, tyrosine and valine while alanine, lysine and proline were not required for growth. Other amino acid requirements appeared to be strain dependent [41] . Genomic analysis of PSU-1 suggests the capacity for biosynthesis of eight amino acids: alanine, aspartate, asparagine, cysteine, glutamine, lysine, methionine and threonine. The ability to synthesize isoleucine, valine and leucine is undefined as key enzymatic steps ilvC (COG0059) and ilvD (COG0129) are absent. Biosynthetic capacity for all other amino acids appears to be absent. Previous surveys have indicated the predominant amino acids found in grape must (>100 mg/L) are alanine, arginine, glutamine, glutamate, proline and serine, with arginine and proline are consistently present at higher levels (>350 mg/L) [42] . Conversely cysteine, methionine and tryptophan were less well represented (<10 mg/L). Interestingly, PSU-1 is missing the amino acid biosynthetic capacity for two amino acids prominently present in grape must (proline and serine) while it retains the capacity to synthesize two amino acids (cysteine and methionine) which are present in grape must at low concentrations.
To complement the amino acid auxotrophy, PSU-1 contains a range of amino acid-related transporters including two ABC-type polar amino acid transporters (TC#3.A.1.3) , an ABC-type spermidine/putrescine transporter (TC#3.A.1.11), seven amino acid transporters (TC#2.A.3.6) and a branch chain amino acid permease (TC#2.A.2.6). In addition two ABC-type oligo/ dipeptide permease transporter systems were identified as well as a range of peptidases (PepQ, PepM, PepN, PepR1, PepV, PepF, PepF2, PepT, PepXP, PepP, PepC, PepC2, PepO and PepD/A) suggesting the metabolic capacity to garner amino acids from the proteins and peptides in wine. This is not unexpected since several studies have indicated that wine peptides act as carbon and nitrogen substrates for O. oeni growth [43, 44] .
By comparison to dairy related LAB, relatively little work has focused on the proteolytic activity of wine-related strains. Manca de Nadra and coworkers identified two exoproteases from O. oeni strains isolated in Argentina [45, 46] . These exoproteases were expressed at different points throughout growth [45] and were induced by nutrient and energy deprivation [47] . Both were able to release amino acids from red and white wines and one activity was more active at the lower pH levels common for wine. In silico analysis of PSU-1 did not reveal any Prt-P-like cell-envelope proteases and no peptidase genes with a well-supported signal peptide were identified. It remains to be determined which, if any, of the PSU-1 proteases correspond to the activities previously examined by Manca de Nadra and coworkers.
Amino acid catabolism
In addition to acting as carbon and nitrogen sources, amino acids are exploited by wine-related LAB for other purposes. Some oenococcal strains convert arginine, one of the most abundant amino acids in musts and wines, to ornithine, ammonia and CO 2 via the arginine deiminase pathway [48, 49] . This pathway provides a means for direct synthesis of ATP and has been shown to enhance cell growth and survival [50] . Metabolism of arginine is of oenological concern in that it can result in excretion of citrulline, which can spontaneously react with alcohol to form urethane, a known animal carcinogen [51] . The arginine deiminase pathway (arcABCDE) has been previously characterized in certain oenococcal isolates [52, 53] . In silico analysis of PSU-1 did not reveal an intact cluster, however an arginine deiminase gene (arcA) was identified. While no significant homologs to the arginine/ornithine antiporters (arcDE) were revealed the PSU-1 genome does contain two additional trans-porters from the cation amino acid transporter family (TC#2.A.3.3) that may provide this function.
In acidic media like wine, decarboxylation of amino acids to corresponding amines is thought to provide energy through electrogenic transport as well as assist in maintaining an optimum internal pH [54] . Consequently, various amines can be found in wine, predominantly histamine, tyramine, and putrescine, among others [55] . Unfortunately some of these amines are considered ''biogenic'' and may induce a variety of disorders when consumed (absorbed) at a high concentration [55] . For the most part, biogenic amine formation in wine has been associated with non-oenococcal strains, chiefly spoilage lactobacilli and pediococci associated with higher pH wine conditions (>3.5). A survey of oenococcal strains isolated from wine showed that histamine production is a common phenotype [56] . In silico analysis of the PSU-1 did not reveal genes similar to the histidine or ornithine decarboxylases previously characterized in other oenococcal isolates [57, 58] . However, several transporters in the amino acid-polyamine organocation (APC) superfamily are present in PSU-1 including a glutamine:GABA antiporter (TC#2.A.3.7), an L-type amino acid transporter, and two cation amino acid transporters (TC#2.A.3.3). A direct link between the activity of these APC transporters and specific amino acid catabolism remains to be determined.
Bacteriophage
The impact of bacteriophage on the malolactic fermentation in wine is somewhat ambiguous. Numerous bacteriophages have been identified in fermenting must/wine [59] [60] [61] . However, unlike the situation with dairy fermentations, direct evidence suggesting widespread occurrence of incomplete malolactic fermentations due to bacteriophage-induced cell lysis is lacking. This may be due to the multiplicity of indigenous species and strains present in wine fermentations that carry out the malolactic conversion. Thus bacteriophage lysis of any one population may not impact the overall malolactic conversion as other LAB populations remain to accomplish this task. However, with the repeated use of specific oenococcal starter cultures bacteriophage attack could certainly become problematic, delaying overall conversion and/or opening the way for less desired, indigenous populations to dominate.
The PSU-1 sequence does not contain any intact temperate bacteriophages, or larger tracts of obvious bacteriophage origin, often found in other LAB [21, 62] . Regardless, strain PSU-1 can be a host for bacteriophage. Sao-Jose et al. [63] identified several prophage integration sites in the draft PSU-1 sequence, mostly adjacent to tRNA genes (tRNA lys_TTT , tRNA arg_CCT , tRNA leu_ CCA , tRNA glu_TTC , tRNA glu_CTC ). The site adjacent to tRNA leu_CAG had been previously identified by as an integration site in several oenococcal hosts [64] . The genetic landscape surrounding these attachment sites did reveal a few intact phage-related ORFs. Adjacent to tRNA lys_TTT and tRNA arg_CCT are genes are conserved hypothetical phage-related proteins while downstream of tRNA glu_TTC is a fragmented ORF with homology to the oenococcal fOg44 phage integrase gene [63] . Of particular interest is the region downstream of tRNA lys_TTT that contains a site-specific recombinase (COG1961) and an ORF with similarity to a L. plantarum prophage gene. As suggested by San-Jose et al. [63] , these putative phage-related genes adjacent to attachment sites may be a sign of imprecise excision of prophage(s) from the PSU-1 genome. Other than these remnants, the lack of phage-related COGs in PSU-1 is somewhat noteworthy when compared to other sequenced LAB genomes.
Stress-related genes
Various stress-related systems have been proposed to assist O. oeni to survive the acidic environment of wine [65] . Predominantly among these are genes involved in the malate, citrate and amino acid conversions, discussed previously, which generate proton motive force and help maintain internal pH homeostasis. Drici-Cachon et al. [66] have shown a correlation between acid tolerance in O. oeni and increased ATPase activity. Moreover ATPase mutants were shown to be impaired in malolactic activity [67] , suggesting a linkage between MLF and H + -ATPases systems. In silico analysis of the PSU-1 genome identified a complete atp operon encoding a putative F0-F1 ATPase sytem (atpBEFHAGDC). Also identified were two cation-translocating ATPases (COG2217) which encode activities that have been also implicated in oenococcal pH homeostasis [68] .
Other genes previously shown to be involved in the oenococcal stress response(s) were readily identified in PSU-1. These include clpX [69] , clpLP [70] , trxA [71] , hsp18 ( [72] ; COG0071), ftsH [73] and omrA [74] . In addition, the class I heat shock genes (groESL and dnaK operons) were identified. PSU-1 contains three copies the ATP-binding subunit of Clp protease (clpA) however no clpB or clpC genes were identified. Immediately upstream of one clpA allele is a class III stress gene regulator ctrS (COG4463). PSU-1 does not appear to contain other heat shock transcriptional regulators such as hrcA (COG1420) or alternative sigma factors. Like other LAB, O. oeni is microaerophilic, lacks catalases and possesses systems to deal with oxidative stress. Genes involved in the disulfide-reducing pathway (trxA and trxB homologs), and systems that remove reactive oxygen (NADH-oxidase [COG1902] and NADH-peroxidase [COG0778]) were found in PSU-1, however no homolog to superoxide dismutase was identified. In addition to omrA, a bacterial multidrug resistance transporter similar to the lmrA from L. lactis [75] and horA of L. brevis [76] , PSU-1 contains two other transporters of the same drug-exporter 2 family (TC#3.A.1.117). Given that the horA gene in L. brevis has been shown to provide resistance to plant hops [76] , perhaps these transporters in O. oeni provide protection from similar fruit-derived inhibitors.
Phylogeny and systematics
Exact differentiation of oenococcal strains is an important aim both for commercial and scientific rationales. Studies using a variety of molecular approaches have suggested a homogenous nature to the species [11, [77] [78] [79] [80] . Using PFGE methods, Tenreiro and coworkers proposed two major lineages for O. oeni [81] . However, a subsequent analysis suggested the two groupings were less divergent than originally believed [15] . Recently De Rivas et al. [82] used multilocus sequence typing (MLST) of five genes (gyrB, ddl, mleA, pgm and recP) to examine allelic diversity and population structure of various oenococcal isolates. Interestingly, MLST was able to differentiate 18 strains that could only be differentiated into two groups by ribotyping. This allelic diversity suggests a higher level of genetic heterogeneity among oenococccal isolates than had been previously suggested by other molecular typing methods. De Rivas et al. [82] also concluded that recombination has played a major role in generating genetic diversity in O. oeni.
Yang and Woese [83] first noted that the phylogenetic position of O. oeni as determined by 16S rRNA suggested a tachytelic, or fast-evolving, organism. Subsequent analysis of the b subunit of the DNA dependent RNA polymerase did not support the hypothesis that O. oeni is tachytelic [84] . Preliminary phylogenetic comparisons based on concatenated ribosomal proteins from available LAB genome sequences indicate that the Leuconostoc group has evolved rapidly relative to the Lactobacillus-Pediococcus grouping with O. oeni being the most divergent member of the Leuconostoc group (data not shown). Adaptation to growth in acidic fruit juices environments is one possible, albeit speculative, explanation for the divergence of O. oeni away from the other leuconostocs.
Future work
Public access to genome sequence for any industrially useful bacteria is only a starting point for future ''omics'' research. The most immediate utility of the O. oeni PSU-1 genome access is the in silico examination of cell metabolism, comparative analyses with other LAB and prediction of nutritional requirements. In addition, comparison of the PSU-1 genome to the other sequenced O. oeni strain (IOEB8413) [16] , isolated in France, will shed light on the geographic diversity of these strains as well as the debate on mode of evolution of the species [79, 82] . Thus one benefit emerging from the sequence data will be a new, and comprehensive, ability to discriminate oenococcal strains, allowing for better definition of genotypes that have arisen in various winemaking regions. Future use of microarrays to probe genomic differences among isolates will expand this analysis to better reveal how this species evolved.
Use of microarrays to probe O. oeni gene expression in wine fermentations will also advance our understanding of the MLF. Given the similarity in oenococcal isolates [15, 79] , it may be possible to use the same array for multiple strains. This would give an unprecedented view of gene expression within a single species and help define the diversity of stress and MLF-related responses, among others. An applied outcome to this will be a better discrimination of starter cultures with regard to MLF performance and/or production of off-flavors. Moreover, as other LAB sequencing projects come to fruition (particular for pediococci, leuconostoc and lactobacilli) the involvement of these other LAB genera in wine-related spoilage, as well as their interaction with O. oeni, can be examined in more detail.
Future work will inevitably require viable shuttle plasmids and other genetic tools for chromosomal gene analysis. Unfortunately the lack of such tools has slowed analysis of O. oeni by comparison to other, genetically pliable, LAB. However the recent development of conjugative methods for transposon [85] or plasmid delivery [86, 87] into O. oeni suggest that these barriers are being resolved. The combination of PSU-1 genome sequence and viable genetic tools sets the stage for a tremendous expansion in our understanding of oenococcal biology as well as their critical role in wine production. 
